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Dephosphorylation of T517 on Hemocyanin Is Required for
Antibacterial Activity in Penaeus vannamei

Qian Feng,*,† Jude Juventus Aweya,‡ Yue-Qian Huang,* Pei Zhang,* Fan Wang,*
De-Fu Yao,* Zhi-Hong Zheng,* En-Min Li,† and Yue-Ling Zhang*

Posttranslational modifications expand the functions of immune-related proteins, especially during infections. The respiratory
glycoprotein, hemocyanin, has been implicated in many other functions, but the role of phosphorylation modification in its
functional diversity is not fully understood. In this study, we show that Penaeus vannamei hemocyanin (PvHMC) undergoes
phosphorylation modification during bacterial infection. Dephosphorylation of PvHMC mediated by P. vannamei protein
phosphatase 2A catalytic increases its in vitro antibacterial activity, whereas phosphorylation by P. vannamei casein kinase
2 catalytic subunit a decreases its oxygen-carrying capacity and attenuates its in vitro antibacterial activity. Mechanistically, we
show that Thr517 is a critical phosphorylation modification site on PvHMC to modulate its functions, which when mutated
attenuates the action of P. vannamei casein kinase 2 catalytic subunit a and P. vannamei protein phosphatase 2A catalytic, and
hence abolishes the antibacterial activity of PvHMC. Our results reveal that phosphorylation of PvHMC modulates its
antimicrobial functions in penaeid shrimp. The Journal of Immunology, 2023, 210: 1396�1407.

Invertebrates defend and protect themselves against pathogens
through humoral and cellular innate immune mechanisms
(1, 2). The cellular innate immune response of invertebrates

employs several mechanisms, including phagocytosis and apoptosis
by immunocytes, such as hemocytes (3), whereas the humoral
immune responses involve nonspecific enzymes or factors in hemo-
lymph, including phenoloxidase, lectins, and antimicrobial peptides
(AMPs), among others, which clear pathogens by direct or indirect
killing (4�6).
To increase their ability to mount broad-spectrum immune

responses, invertebrates encode many factors and genes with high
molecular diversity. In the fruit fly, Drosophila, depletion of the
Down syndrome cell adhesion molecule (Dscam), a member of the
Ig superfamily that undergoes multiple alternative splicing to gener-
ate numerous gene products, impairs the ability of hemocytes to
phagocytose Escherichia coli (7). Similarly, bacteria-specific Dscam
isoforms (e.g., EsDscam(4.24,6.19) and EsDscam(4.12,6.20)) are pro-
duced in Chinese mitten crab (Eriocheir sinensis) via alternative
splicing (8). In Drosophila and the freshwater snail (Biomphalaria),

variants of the fibrinogen-related proteins (FREPs), that is, FREP2,
FREP3, and FREP4, are involved in the innate immune response,
such as pathogen agglutination, bacterial clearance, and antiparasite
defense (9�11). In penaeid shrimp, C-type lectins are important
pathogen recognition molecules with high diversity in domain
architecture, sugar substrates, tissue distribution, pathogen-induced
expression patterns, and immune functions (12). Many naturally
occurring AMPs in penaeid shrimp have also been shown to pos-
sess genetic variations that diversify their antimicrobial activities.
For instance, crustinPm4 in Penaeus monodon has both antibacte-
rial and antiviral activities (13), whereas CrustinPm7 displays only
antibacterial activity (14). Several penaeidin isoforms in P. vanna-
mei, generated by polymorphism within the proline and cysteine-
rich domains, possess different antimicrobial activities, that is, anti-
bacterial, antifungal, and antiviral (15, 16).
The regulation of eukaryotic proteins generally takes place at

the DNA, mRNA, protein, and posttranslational modification
(PTM) levels to modulate their functions and expression (17).
For most proteins, PTM is critical for the regulation of their
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physical and chemical properties, folding, conformation, stability,
activity, and biological functions (18, 19), and modulation of
immunity (20). In Drosophila, ubiquitylation of the caspase-8
ortholog, death-related ced-3/Nedd2-like protein (DREDD), is
required for the full processing of immune deficiency (IMD),
NF-kB/Relish, and expression of AMP genes in response to
bacteria (Gram-negative) infection (21). Similarly, the deacety-
lation of histone proteins in Drosophila activates intestinal
innate immunity via regulation of IMD signaling (22), whereas
trimethylation of histone H3 (on lysine 4) enhances gut innate
immunity to help maintain bacteria and metabolic homeostasis
through Toll/IMD signaling regulation (23). In crustaceans, vari-
ous histone proteins undergo PTM to enhance their antimicrobial
activity, including the acetylation of histones H2B and H4, phos-
phorylation of histones H2A and H4, and methylation of histone
H4 in penaeid shrimp (24), whereas the phosphorylation of focal
adhesion kinase (FAK) in Marsupenaeus japonicus promotes an
antiviral response during white spot syndrome virus infection (25).
Additionally, Dock protein promotes the phosphorylation of ERK
in E. sinensis to modulate the phosphorylation and translocation of
Dorsal to induce AMP expression (26). We also recently reported
that the acetylation/deacetylation modification of P. vannamei
hemocyanin (PvHMC) plays a vital role in its antimicrobial
activity. We revealed that the deacetylation of PvHMC enhances
its antibacterial activity by increasing its binding with LPS and
destruction of Gram-negative bacteria, whereas its acetylation,
especially on residues K481 and K484, attenuates its binding
with LPS and therefore its antibacterial activity (27).
Hemocyanin is a copper-containing respiratory protein that con-

stitutes ∼90% of plasma proteins in arthropods and mollusks (28).
Arthropodan hemocyanin is composed of single or multiple hex-
amers, with each subunit having three domains, whereas molluskan
hemocyanin is a cylindrical decamer or polymer of ∼350 or 400
kDa (29). Although hemocyanin is primarily involved in the trans-
port of molecular oxygen (30), numerous studies have implicated
hemocyanin in many immune-related activities, including pheno-
loxidase (31), antiviral (32), antimicrobial (33), agglutinative (34),
hemolytic activity (35), antitumor (36), degradation into antimicro-
bial and antiviral peptides (37, 38), and interaction with immune-
related cellular signaling pathway molecules (39), among others.
These multiple functions of hemocyanin could be due to molecular
diversity, variant forms, and PTMs. For instance, C- and N-termi-
nal SNPs in PvHMC (40, 41) and splicing variants play a key role
in the antimicrobial activity of PvHMC (42). Similarly, N-glyco-
sylation of hemocyanin in mollusks Rapana venosa, Helix
lucorum, and Megathura crenulata (32, 43) and penaeid shrimp
(P. vannamei) affect its functions (44). Moreover, the C-terminal
of PvHMC interacts with and activates the ERK1/2 signaling path-
way during Taura syndrome virus (TSV) infection (45), while our
recent study revealed that PvHMC interacts via its armadillo
(ARM) repeat domain with PvMKK4 to modulate the p38 MAPK
signaling pathway (39), highlighting the significance of phosphory-
lation in the antimicrobial activity of PvHMC. Thus, given the
importance of phosphorylation modification in the modulation of
protein function, especially immune-related proteins (20), we
explored mechanistically how phosphorylation of PvHMC affects
its antimicrobial activity in P. vannamei. In this study, we reveal
that PvHMC undergoes dephosphorylation mediated by the casein
kinase 2 catalytic subunit a (PvCK2a) and protein phosphatase
2A catalytic (PvPP2AC) to enhance its antibacterial activity. Thre-
onine 517 on the large molecular mass subunit of PvHMC
(PvHMCL) was found to be the crucial amino acid residue that
upon phosphorylation or dephosphorylation alters the antimicrobial
activity of PvHMC.

Materials and Methods
Experimental animals

Pacific white shrimp, P. vannamei, weighting 5�8 g, obtained from Shantou
Huaxun Aquatic Product Corporation (Shantou, China), were cultured in air-
circulating laboratory tanks containing artificial seawater (salinity of 10 ppm
and temperature 25◦C) for 2 d before experiments. During the laboratory
acclimation period, shrimp were fed a commercial diet (35% protein) once
daily. All animal experiments were carried out in accordance with the guide-
lines and approval of the Animal Research and Ethics Committees of Shan-
tou University (Shantou, China).

Reagents and plasmids

To express GST-tagged proteins in prokaryotic cells, DNA sequences were
amplified by PCR before being subcloned into the pGEX-6p-1 vector (Solar-
bio, Beijing, China). The PvCK2a (GenBank: KY038483.1) and PvPP2AC
(GenBank: XP_027227758.1) DNA sequences were PCR amplified and
subcloned into the pGEX-6p-1 vector at the BamHI and SmaI sites to gener-
ate the pGEX-6P-1-PvCK2a and pGEX-6p-1-PvPP2AC plasmids. For
eukaryotic expression, the open reading frame of the small molecular mass
subunit of the PvHMC (PvHMCS) gene (UniProtKB: A0A1Y0DT76) and
the P. vannamei PvHMCL gene (UniProtKB: A0A059TEW9) with Flag-tag
at C-terminal were subcloned into the pIZ/V5-His vector (Life Technology,
Carlsbad, CA) at the BamHI and XhoI sites to generate the pIZ-PvHMCS-
EGFP-Flag and pIZ-PvHMCL-EGFP-Flag plasmids. As control, pIZ-EGFP-
Flag plasmid was also constructed. Similarly, the open reading frame
sequence of PvHMCL was subcloned into the pcDNA3.11 vector (Thermo
Fisher Scientific, Waltham, MA) at the XhoI restriction sites using the
ClonExpress II one step cloning kit (Vazyme, Nanjing, China) to generate
the PvHMCL-Flag plasmid with a Flag-tag at the C-terminal. Phosphoryla-
tion sites mutant plasmids of PvHMCL-Flag (T517A and T517E) were con-
structed using the Fast mutagenesis system kit (TransGen Biotech, Beijing,
China). The oligonucleotides used for plasmid construction are listed in
Supplemental Table I.

Cell culture

Drosophila Schneider 2 (S2) cells (a gift from Dr. Haoyang Li of the School
of Marine Science, Sun Yat-sen University, China) were cultured at 27◦C in
Schneider’s Drosophila medium (Invitrogen, Carlsbad, CA) supplemented
with 10% FBS (Life Technologies, Carlsbad, CA). Human embryonic kid-
ney 293T (HEK293T) cells, which were a kind gift from Prof. En Min Li of
Shantou University Medical College (Shantou University, Shantou, China)
were grown in DMEM (Thermo Fisher Scientific, Waltham, MA) supple-
mented with 10% FBS and 1% penicillin/streptomycin (Life Technologies,
Carlsbad, CA) and maintained at 37◦C in a 5% CO2 humidified incubator.

SDS-PAGE and Western blot

Protein samples were mixed with 5× loading buffer (42 mM Tris-HCl, con-
taining 100 ml/l glycerol, 23 g/l SDS, 50 g/l 2-ME, and 0.02 g/l bromophe-
nol blue) before being boiled for 6 min. Next, samples were separated on
10% SDS-PAGE gels and transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore, Billerica, MA) using the Mini Trans-Blot electropho-
retic transfer cell (Bio-Rad, Hercules, CA). The membranes were then
blocked for 2 h at room temperature in 5% skimmed milk dissolved in
TBST buffer (20 mM Tris, 150 mM NaCl, 0.1% Tween 20 [pH 7.6]), fol-
lowed by overnight incubation at 4◦C or 1 h at room temperature with pri-
mary Abs. After being washed three times with TBST buffer (15 min each
time), membranes were incubated for 1 h at room temperature with second-
ary Abs. Membranes were then washed three times with TBST buffer
(15 min each time) and the signals were detected by chemiluminescence
using ECL-detecting reagent, and images were captured using the GE Amer-
sham Imager 600 imaging system (GE Healthcare, Boston, MA).

ELISA assay

The binding of phosphorylated PvHMC with LPS or peptidoglycan (PGN)
was determined by ELISA. Briefly, 100 ml/well of various concentrations of
LPS (Sigma-Aldrich, St. Louis, MO) or PGN (Sigma-Aldrich, St. Louis,
MO) (0, 25, 50, and 100 mg/ml) were added to 96-well plates and incubated
overnight at 4◦C. After plates were blocked for 2 h with 200 ml/well 3%
BSA in PBS (0.15 M [pH 7.4]) at room temperature and washed four times
with PBS (200 ml/well), 100 ml/well purified PvHMC diluted with PBS
(0.15 M [pH 7.4]) containing 0.1 mg/ml BSA (50 mg/ml) was added before
being incubated at room temperature for 3 h. Next, plates were washed four
times with PBS (200 ml/well) and incubated for 1 h with 100 ml of primary
Ab at room temperature. After being washed four times with PBS (0.15 M
[pH 7.4]), plates were incubated for 45 min with 100 ml of peroxidase-
conjugated secondary Ab at room temperature. The plates were then
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washed and developed with 100 ml of 3,39,5,59- tetramethylbenzidine
(Beyotime, Shanghai, China). The reaction was stopped with 2 M H2

SO4, and absorbance was read at 450 nm. Triplicate samples were ana-
lyzed per each treatment and repeated at least three independent times.

Abs used

For Western blot analysis, the primary Abs used include rabbit anti-CK2a
Ab (Thermo Fisher Scientific, Waltham, MA, 1:1000), rabbit anti-PP2AC
Ab (Beyotime, Shanghai, China, 1:1000), mouse anti-tubulin Ab (Sigma-
Aldrich, St. Louis, MO, 1:3000), mouse anti-GST Ab (TransGen Biotech,
Beijing, China, 1:3000), mouse anti-Flag Ab (TransGen Biotech, Beijing,
China, 1:3000), rabbit anti-p-Ser/p-Thr/p-Try Abs (Immunechem, Burnaby,
BC, Canada, 1:3000), and in-house prepared rabbit anti-shrimp hemocyanin
antisera (46) used at 1:5000 dilution. In the ELISA assay, rabbit anti-
PvHMC Ab (made in-house) was used at 1:1000 dilution. The rabbit poly-
clonal Ab to PvHMCL-p-Thr517, which was commissioned by a commercial
company (DIA-AN, Wuhan, China) was generated by immunization of rab-
bits with the peptide c(KLH)NGIKF-pT-FDEGR (where c(KLH) indicates
keyhole limpet hemocyanin fused through cysteine, and pT indicates phos-
phorylated threonine). The secondary Abs were goat anti-rabbit IgG-HRP
(Thermo Fisher Scientific, Waltham, MA, 1:5000) and goat anti-mouse IgG-
HRP (Thermo Fisher Scientific, Waltham, MA, 1:5000) for Western blot
analysis. Peroxidase-conjugated goat anti-rabbit IgG Ab (1:2000) was the
secondary Ab used in the ELISA assay.

Immune challenge and cell lysis

For bacteria challenge experiments, each shrimp was injected between the
third and fourth segments of the muscle with 0.5 × 106 CFU/g of Vibrio
parahaemolyticus, Streptococcus iniae, LPS (0.5 mg/ml), and lipoteichoic
acid (LTA) (Sigma-Aldrich, St. Louis, MO, 0.5 mg/ml) or with an equal vol-
ume of sterile PBS (0.01 M [pH 7.4]) as control. At different time points
(0, 6, 12, 24, 36, 48, 72, and 96 h) hemolymph was withdrawn from seven
shrimp per group into an equal volume of precooled anticoagulant (336 mM
NaCl, 115 mM glucose, 27 mM sodium citrate, 9 mM EDTA-Na2·2H2O
[pH 7.0]) as previously described (47). Next, hemolymph was centrifuged at
800 × g (15 min at 4◦C) to collect hemocytes and plasma. Hemocytes were
washed thoroughly with PBS (0.01 M [pH 7.4]), lysed with lysis buffer
(25 mM HEPES, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA-Na2·2H2O
[pH 7.4]) plus protease inhibitor (PMSF, Beyotime, Shanghai, China) for
30 min before being centrifuged at 20,000 × g (15 min at 4◦C) to collect the
supernatant. The total protein concentration levels of cell lysates and plasma
were determined by a modified Bradford assay (GenStar, Beijing, China)
using BSA as a standard. Samples were used immediately for the next exper-
iment or stored in aliquots at −40◦C for later use.

RNA interference and inhibitor treatment

The small interfering RNA (siRNA) targeting PvCK2a (GenBank:
KY038483.1), PvPP2AC (GenBank: XP_027227758.1), and scrambled
control siRNA (siNon) were designed (see Supplemental Table I) and
chemically synthesized by a commercial company (GenePharma, Suzhou,
China). To perform the RNA interference (RNAi) experiments, shrimp
were divided into three groups (20 each). The experimental group
shrimps were each injected with 100 ml (0.5 mg/g shrimp) of the respec-
tive siRNA, whereas control group shrimps were injected with an equiv-
alent amount of siNon. To inhibit the expression of CK2a or PP2AC,
shrimp (10 each) were also injected with CX-4945 (MedChemExpress,
Monmouth Junction, NJ), CK2a inhibitor, or okadaic acid (Beyotime,
Shanghai, China), a PP2AC inhibitor. Briefly, shrimps were injected
with 100 ml of CX-4945 (100 mg/ml in 0.01 M PBS) or 100 ml of Oka-
daic acid (10 mg/ml in 0.01 M PBS [pH 7.4]), whereas control group
shrimp were injected with an equivalent volume of vehicle (0.01 M PBS
[pH 7.4]). Hemolymph was withdrawn at different time points from five
randomly selected shrimp per group for analysis of PvCK2a and
PvPP2AC expression and PvHMC phosphorylation level.

Total RNA extraction, cDNA synthesis, and real-time quantitative
PCR analysis

Total RNA was extracted from hepatopancreas and hemocyte samples using
TRIzol reagent (Invitrogen, Carlsbad, CA) following the protocol of the
manufacturer. The RNA concentration was determined with a NanoDrop
2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE), and
RNA quality was ascertained using the A260/280 ratio ($2) and on 1% aga-
rose gel electrophoresis. Only good quality RNA samples were used for fur-
ther analysis. First-strand cDNA synthesis was carried out with 1.0 mg of
total RNA using a one-step genomic DNA removal and cDNA synthesis
supermix kit (TransGen Biotech, Beijing, China). In the real-time quantitative

PCR (qPCR), primers targeting PvCK2a, PvPP2AC, and the elongation factor
1 a gene of P. vannamei (PvEF1a) were designed using Primer Premier
5 software (Supplemental Table I). The qPCR reactions were carried out
on the qTOWER3G real-time qPCR system (Analytik Jena, Jena, Germany)
with the following program: one cycle at 95◦C for 10 min, 45 cycles of
95◦C for 15 s, and 60◦C for 30 s. The data were analyzed by the 2−DDCt

method (48) with the PvEF1a gene used as the internal control.

Protein expression and purification

Shrimp plasma hemocyanin was purified as previously described (49).
Briefly, hemolymph from P. vannamei was centrifuged (500 × g, 10 min at
4◦C) using Vivaspin 2 centrifuge filter units (Sartorius, Gottingen, Germany)
followed by gel filtration chromatography (Superose 6 Increase 10/300 GL,
GE Healthcare, Boston, MA) on an ÄKTA pure system (GE Healthcare,
Boston, MA).

For eukaryotic expression of the proteins PvHMCL-Flag, PvHMCLT517A-
Flag, and PvHMCLT517E-Flag, HEK293T cells were transfected with the
plasmids pcDNA3.1-PvHMCL, pcDNA3.1-PvHMCLT517A-Flag, and
pcDNA3.1-PvHMCLT517E-Flag, respectively, before being cultured in
DMEM (Thermo Fisher Scientific, Waltham, MA) with 10% FBS (Life
Technologies, Carlsbad, MA) at 37◦C. After 48 h, cells were harvested
and lysed for 30 min in lysis buffer (25 mM HEPES, 150 mM NaCl,
1% Triton X-100, 1 mM EDTA-Na2·2H2O [pH 7.4]) plus protease
inhibitor mixture (MedChemExpress, Monmouth Junction, NJ) and
PMSF before being centrifuged at 20,000 × g (15 min at 4◦C) to collect
the supernatant. Cell lysates were incubated with anti-Flag magnetic
beads (MedChemExpress, Monmouth Junction, NJ) at 4◦C for 4 h
before being centrifuged at 1000 × g (5 min at 4◦C). After discarding
the supernatant, beads were washed five times with wash buffer TBST
(50 mM Tris-HCl, 150 mM NaCl, 0.5% Tween 20 [pH 7.4]) and then
incubated with elution buffer (1 mg/ml 3× Flag peptide, 50 mM Tris,
0.15 M NaCl [pH 7.4]). Next, samples were dialyzed with 0.01 M PBS
in 30-kDa filter devices (Millipore, Billerica, MA) followed by centrifu-
gation 10 times at 12,000 × g (2 min at 4◦C). The purified proteins
were collected and stored at −40◦C for later use.

For prokaryotic expression, E. coli strain BL21 (DE3) (TransGen Biotech,
Beijing, China) transformed with plasmids expressing GST-PvCK2a, GST-
PvPP2AC, and GST proteins were grown at 37◦C in Luria-Bertani (LB)
medium with 50 mg/l ampicillin until an OD600 of 0.6 was reached before
being induced with 1 mM isopropyl b-D-thiogalactoside (GenStar, Beijing,
China) at 16◦C and then cultured to an OD600 of 1.2. Next, cells were har-
vested by centrifugation (5000 × g, 20 min at 4◦C) and lysed by sonication
in fresh lysis buffer without detergent (8 mM Na2HPO4, 137 mM NaCl,
2 mM NaH2PO4, protease inhibitor mixture [MedChemExpress, Monmouth
Junction, NJ], and PhosSTOP [Roche, Basel, Switzerland]). After sonication
for 30 min, Triton X-100 was added to a final concentration of 0.5% before
being centrifuged. The GST-PvCK2a, GST-PvPP2AC, and GST proteins
were purified by glutathione Sepharose 4B (GE Healthcare, Boston, MA).
Briefly, the clear supernatant containing soluble proteins (GST-PvCK2a,
GST-PvPP2AC, and GST) were incubated with glutathione Sepharose 4B
beads at 4◦C for 1 h, followed by washing 10 times with 0.01 M PBS (with
0.5% Triton X-100 [pH 7.4]) to remove unconjugated proteins. The beads
conjugated to GST-PvCK2a, GST-PvPP2AC, and GST were analyzed by
immunoblotting or stored at −40◦C for later use.

Pulldown and coimmunoprecipitation assay

In the GST pulldown assays, purified hemocyanin (see Protein expression
and purification) was incubated with GST-PvCK2a, GST-PvPP2AC, or
GST at 4◦C for 0.5 h. Next, samples were washed 10 times with 0.01 M
PBS (plus 0.5% Triton X-100 [pH 7.4]) before being analyzed by SDS-
PAGE and Western blot as described under SDS-PAGE and Western blot.
The coimmunoprecipitation (Co-IP) analysis was carried out as previously
described (39). Briefly, Drosophila S2 cells were transfected with the plas-
mids pIZ-PvHMCS-EGFP-Flag, pIZ-PvHMCL-EGFP-Flag, pIZ-PvPP2AC-
V5, and pIZ-EGFP-Flag (control). At 48 h posttransfection, cells were har-
vested and washed three times with ice-cold PBS (0.01 M [pH 7.4]),
followed by lysis in immunoprecipitation lysis buffer (25 mM HEPES,
150 mM NaCl, 1 mM EDTA-Na2·2H2O, 1% Triton X-100 [pH 7.4]) with
protease inhibitor mixture (MedChemExpress, Monmouth Junction, NJ).
Next, cell lysates were incubated at 4◦C for 4 h with anti-Flag Ab magical
beads (MedChemExpress, Monmouth Junction, NJ) followed by washing
10 times with freshly prepared lysis buffer and the precipitated proteins
mixed with 5× loading buffer. Samples were then separated by SDS-PAGE
and transferred onto PVDF membranes followed by Western blot analysis as
described under SDS-PAGE and Western blot.
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Immunoprecipitation

Immunoprecipitation was carried out as previously described (50). Briefly,
the shrimp hemocytes and plasma from Immune challenge and cell lysis were
harvested and washed five times with cold anticoagulant. The hemocytes
followed by lysis in Western and immunoprecipitation lysis buffer (Beyotime,
Shanghai, China) with protease inhibitor mixture (MedChemExpress, Mon-
mouth Junction, NJ). Next, cell lysates were centrifuged at 20,000 × g for
15 min at 4◦C. The plasma was diluted with PBS. Protein concentrations
were determined using a Pierce bicinchoninic acid protein assay kit (GenStar,
Beijing, China) and adjusted to the final volume of 600 ml at a concentration
of 1 mg/ml using lysis buffer. Samples of 30 ml of supernatants mixed with
10 ml of 4× loading buffer were boiled for 5 min at 100◦C as total input.
The other supernatants were incubated with 2 mg of rabbit anti-shrimp hemo-
cyanin Ab or rabbit anti-PvHMCL-p-Thr517 Ab overnight at 4◦C and then
with 20 ml of protein A/G magnetic beads (MedChemExpress, Monmouth
Junction, NJ) for 1 h. The beads were washed five times with lysis buffer and
boiled in 20 ml of 2× loading buffer for 10 min at 100◦C. Samples were then
separated by SDS-PAGE and transferred onto PVDF membranes followed by
Western blot analysis as described under SDS-PAGE and Western blot.

In vitro phosphorylation and dephosphorylation

To perform in vitro phosphorylation of hemocyanin, dephosphorylated
PvHMC (1 mg) was incubated at 30◦C for 6 h with commercial human
CK2, HsCK2 (New England Biolabs, Ipswich, MA), 10× NEB buffer
(50 mM Tris-HCl,10 mM MgCl2, 0.1 mM EDTA, 2 mM DTT, 0.01%
Brij 35 [pH 7.5]), 0.5 ml of HsCK2, and 10 ml of ATP (NEB, Beijing,
China). For in vitro dephosphorylation of hemocyanin, PvHMC (600 mg)
was incubated at 37◦C for 4 h with recombinant GST-PP2A (see Protein
expression and purification), 15 ml of 10× CutSmart buffer (0.1 M
Tris-HCl, 1 M MgCl2, 50 mM EDTA, 1 M DTT [pH 7.5]), and 3 mg of
GST-PP2A beads. Next, one-half of the samples were mixed with an
equal volume of protein loading buffer before being analyzed by SDS-PAGE
and Western blot. The other half of the samples were used immediately for
the next experiment or stored at −40◦C for later use.

Mass spectrometry

To identify the phosphorylation sites on PvHMC, PvHMC samples
(pPvHMCn, phosphorylated PvHMC samples from control siNon-injected
shrimp; dPvHMCc, dephosphorylated PvHMC [dPvHMC], where “c”
represents PvCK2a knockdown shrimp; and pPvHMCc, phosphorylated
samples of dPvHMCc treated in vitro with HsCK2) were separated by
SDS-PAGE followed by mass spectrometry (MS). Briefly, the phosphory-
lated PvHMC samples were prepared and purified as described under
RNA interference and inhibitor treatment and Protein expression and
purification, before being boiled with 5× loading buffer, separated on
SDS-PAGE, and stained with Coomassie Blue (GenStar, Beijing, China).
Next, excised protein bands were destained, reduced, and alkylated before
being digested with trypsin (Promega, Madison, WI). Phosphorylated
PvHMC peptides were collected by Si-TiO2 MagBeads (PuriMag Bio-
tech, Xiamen, China) following the manufacturer’s instructions before
being analyzed by liquid chromatography�MS/MS, and the phosphory-
lated peptides were analyzed on an EASY-nLC 1000 system (Thermo
Fisher Scientific, Waltham, MA) coupled to an LTQ Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific, Waltham, MA) equipped with a
PicoChip source (New Objective, Littleton, MA). The sample parameters
of the mass spectrometry have been described previously (51). The acquired
MS/MS data were analyzed using Proteome Discoverer 2.2 software
(Thermo Fisher Scientific, Waltham, MA) based on the UniProtKB
P. vannamei database (https://www.uniprot.org).

Oxygen-carrying capacity assay

The oxygen-carrying capacity of PvHMC samples (collected as described
under Protein expression and purification) was determined using an
improved polarographic fluorometric method, which employs an enzymatic
method to analyze changes in dissolved oxygen concentration (52). Briefly,
the optimal excitation wavelengths (285 nm) and emission wavelengths
(330 nm) of PvHMC were determined by three-dimensional scanning fluo-
rescence spectrophotometry (Tecan Spark; Tecan, Männedorf, Switzerland)
(Supplemental Fig. 2A). Next, purified PvHMC samples (described under
RNA interference and inhibitor treatment and Total RNA extraction, cDNA
synthesis, and real-time quantitative PCR analysis) were diluted in an
equal volume of buffer (100 mM Tris-HCl [pH 7.8]/5 mM MgCl2/5 mM
CaCl2), and the final concentration was adjusted to 200 mg/ml, followed by
the addition of 10 U/ml glucose oxidase and 1000 U/ml catalase to each
sample before being aliquoted into 2-ml samples. Deionized H2O, H2O2

(0.3%), and glucose solution (1 M) were then added to each well (see

Supplemental Fig. 2B) followed by incubation at room temperature for
5 min and detection of the oxygen-binding curves in terms of fluorescence
intensity using a microplate reader (Tecan Spark; Tecan, Männedorf,
Switzerland). The dissolved oxygen concentration was determined using
an Oxygraph (Hansatech, Norfolk, U.K.). The oxygen-binding capacity
of PvHMC is represented by increased fluorescence intensity in the
fixed dissolved oxygen concentration range.

In vitro PvHMCs antibacterial and bacteria binding assay

The antibacterial activity of PvHMCs was determined using bacterial inhibi-
tion and bacterial agglutination assays (53). For the bacterial inhibition assay,
purified PvHMC was filter (0.22 mm) sterilized, whereas Gram-negative bac-
teria (V. parahaemolyticus, Vibrio alginolyticus, Photobacterium damselae,
and E. coli K12) and Gram-positive bacteria (S. iniae and Staphylococcus
aureus) were grown overnight in LB medium. Bacteria were collected by
centrifugation, washed three times with 0.85% NaCl, and then resuspended
with 50 mM Tris-HCl (pH 7.2) to a density of 103 CFU/ml. Sterile PvHMCs
or 0.01 M (pH 7.4) PBS (control) were mixed separately with each bacteria
suspension before being incubated at room temperature for 30 min. Next,
50 ml of incomplete nutrient medium (0.04% Bacto tryptone, 0.02% yeast
extract, 0.75% NaCl, 50 mM CaCl2, 50 mM Tris-HCl [pH 7.2]) was added
to each sample and incubated for another 1.5 h before being spread on LB
Petri dishes and incubated at 37◦C for 12 h. The numbers of bacteria colo-
nies were counted as a measure of the CFU, whereas the bacteria inhibition
rate was calculated as follows: Inhibition rate 5 [(clones in negative control −
clones in the experimental group)/clones in negative control] × 100%. All
samples was prepared and analyzed in triplicates for at least three indepen-
dent samples.

A bacterial agglutination assay was performed as previously described.
Briefly, Gram-negative (V. parahaemolyticus, V. alginolyticus, P. damse-
lae, and E. coli K12) and Gram-positive (S. iniae and S. aureus) bacteria
were cultured to mid-logarithmic phase in LB medium before being har-
vested by centrifugation at 12,000 × g for 1 min. After washing bacteria
pellets three times with TBS, TBS (20 mM Tris-HCl, 150 mM NaCl [pH
7.4]), and diluted to 108 CFU/ml in TBS-Ca21 buffer (0.05 M Tris, 0.75%
NaCl, 0.05 M CaCl2), bacteria suspensions were mixed in an equal volume
(20 ml) with sterile PvHMC diluted 2-fold in TBS-Ca21 buffer, before
being incubated at 37◦C for 30 min. Bacteria agglutination was observed
under a light microscope (Mshot; Guangzhou Micro-shot Technology,
Guangzhou, China) and scored as positive (1) or negative (−) compared
with control samples treated with only TBS-Ca21 buffer. All samples were
analyzed in triplicates and repeated at least three independent times. The
agglutinative titer was defined as the highest dilution of the test samples
when the agglutination appeared.

The bacteria binding ability of phosphorylated PvHMC with Gram-nega-
tive (V. parahaemolyticus, V. alginolyticus, P. damselae, and E. coli K12)
and Gram-positive (S. iniae and S. aureus) bacteria was analyzed as previ-
ously described (54). Briefly, 200 ml of PvHMC or PBS (0.01 M [pH 7.4])
was incubated separately with mid-logarithmic phase bacteria (2.0 × 108

CFU/ml) at 37◦C for 0.5 h. Next, bacteria cells were harvested by centrifu-
gation and washed six times with PBS (0.01 M [pH 7.4]), followed by anal-
ysis of bacteria-PvHMC by SDS-PAGE and Western blot using anti-
PvHMC Ab. Triplicate experiments were analyzed per sample and repeated
at least three independent times.

Data availability

The mass spectrometry proteomics data of hemocyanin phosphorylation
sites have been deposited to the ProteomeXchange Consortium via the
PRIDE database with the dataset identifier PXD032927 (https://www.
ebi.ac.uk/pride/archive/projects/PXD032927), and those of the protein�
protein interaction of hemocyanin with other proteins have the dataset
identifier PXD033605 (https://www.ebi.ac.uk/pride/archive/projects/
PXD033605).

Results
Hemocyanin undergoes bacterial-induced phosphorylation

When shrimp were challenged with Gram-negative bacteria
(V. parahaemolyticus), the p-Ser levels of PvHMC in plasma
increased at 6 h followed by an increase from 12 to 72 h. In con-
trast, the p-Thr and p-Tyr levels of PvHMC in plasma decreased fol-
lowed by an increase between 6 and 72 h (Fig. 1B, Supplemental
Fig. 1A). In response to challenge by Gram-positive bacteria
(S. iniae), the p-Ser, p-Thr, and p-Tyr levels of PvHMC decreased
followed by an increase from 6 to 72 h (Fig. 1C). Similarly, the
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p-Ser, p-Thr, and p-Tyr levels of PvHMC in shrimp plasma were
observed upon challenge with LPS and LTA. For instance, in
response to LPS challenge, the p-Ser and p-Tyr levels of PvHMC
in shrimp plasma decreased, followed by an increase. Meanwhile,
the p-Thr levels of PvHMC decreased continuously throughout the
challenge (Fig. 1D). For LTA treatment, the p-Ser levels of
PvHMC in plasma increased from 6 to 12 h, followed by a
decrease from 12 to 72 h. The p-Thr levels of PvHMC in shrimp
plasma decreased, followed by an increase. However, the p-Tyr
increased moderately throughout the challenge period in shrimp
plasma (Fig. 1E). Levels of p-Ser and p-Thr of PvHMC in the
PBS control group did not change significantly at all time points,
whereas p-Tyr levels of PvHMC increased from 12 to 72 h
(Fig. 1A). Next, the NetPhos 3.1 server (http://www.cbs.dtu.dk/
services/NetPhos/), which is used for predicting Ser, Thr, and Tyr
phosphorylation sites on eukaryotic proteins (55), was used to suc-
cessfully predict 14 kinases (i.e., PKA, PKC, CKI, CKII, CDC2,

SRC, CDK5, INSR, GSK3, EFFR, p38 MAPK, DNA-PK, RSK,
and PKG) as the putative kinases of PvHMC. Among the predicted
kinases, PKC and CKII were among the kinases with the highest
scores (Fig. 1F). Additionally, our unpublished MS data of shrimp
hepatopancreas immunoprecipitated samples revealed an interaction
between the CK2 homolog of P. vannamei (PvCK2) and PvHMC
(Supplemental Table II). Given that the hepatopancreas in crusta-
ceans integrates immune and metabolic processes (56), we went on
to perform in silico screening for the corresponding putative phos-
phorylases of PvHMC using our in-house unpublished P. vannamei
hepatopancreas transcriptome data. The screening identified 10 puta-
tive protein phosphatases, including protein phosphatase 1 regulatory
subunit, protein phosphatase 2A regulatory subunit, PP2AC, and
protein phosphatase 6 regulatory subunit among the differentially
expressed genes, with PP2AC being the most significantly
expressed (Fig. 1G), and it was therefore selected as the poten-
tial phosphatase of PvHMC. When shrimp were challenged

FIGURE 1. Bacterial infection decreases PvHMC phosphorylation. (A�E) SDS-PAGE and Western blot analysis of serine, threonine, and tyrosine phos-
phorylation levels of PvHMC at 0, 6, 12, 24, 36, 48, and 72 h postinjection (hpi) with (A) PBS, (B) Vibrio parahaemolyticus, (C) Streptococcus iniae,
(D) LPS, and (E) LTA challenged. (i) Western blot analysis and (ii) relative gray value analysis. (F) Predicted phosphokinases of different variants of PvHMC
with their UniProtKB registration numbers. Red to green indicates high to low prediction scores that represent the phosphorylation site of PvHMC corre-
sponding to each kinase. (G) Heatmap of differentially expressed protein phosphatases after knockdown PvHMC. (H�J) SDS-PAGE and Western blot analy-
sis of the expression of PvHMC, PvCK2a, and PvPP2A in shrimp hemocytes at 0, 6, 12, 24, 48, 72, and 96 hpi with (H) PBS, (I) V. parahaemolyticus, and
(J) S. iniae challenge. The data shown are from one of three independent experiments. Statistical significance was analyzed by one-way ANOVA (*p < 0.05;
**p < 0.01). All data are from three independent experiments (n 5 3) and are shown as mean ± SEM.
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with V. parahaemolyticus and S. iniae, the protein expression level
of PvCK2a in shrimp hemocytes decreased significantly between
6 and 24 h, whereas that of PvPP2AC increased from 24 to 96 h
compared with control (Fig. 1H�J, Supplemental Fig. 1B). These
results indicate the involvement of PvCK2a and PvPP2A in bac-
teria-induced phosphorylation and dephosphorylation of PvHMC.

PvCK2a and PvPP2AC interact with and modulatePvHMC
phosphorylation modification

The interaction between PvHMC and PvCK2a or PvPP2AC was
determined using GST pull-down and Co-IP analyses. PvHMC
could interact with PvCK2a (Fig. 2A) and PvPP2AC (Fig. 2B)
in vitro. Given that PvCK2a shares high homology with Drosoph-
ila melanogasterCK2a (84.3%) (47, 57), the interaction between
PvHMC and CK2a (D. melanogasterCK2a) was performed using
Drosophila S2 cells overexpressing PvHMC, whereas the interac-
tion between PvHMC and PvPP2AC was carried out using recom-
binant proteins, due to low homology between PvPP2AC and
D. melanogasterPP2AC (67.9%) (Supplemental Fig. 1C). The
results revealed specific binding of PvHMC with D. melanogaster
CK2a and PvPP2AC (Fig. 2C, 2D). The interaction between
PvHMC and PvCK2a or PvPP2AC was further ascertained using

in vivo Co-IP (Fig. 2E). Next, RNAi-mediated knockdown and
inhibitor treatment were used to attenuate the expression of
PvCK2a and PvPP2AC in shrimp hemocytes followed by deter-
mination of plasma PvHMC serine/threonine phosphorylation
levels. Knockdown of PvCK2a or inhibitor treatment (Fig. 2F)
resulted in decreased serine/threonine phosphorylation levels of
PvHMC compared with control (Fig. 2H). In contrast, knockdown
of PvPP2AC or inhibitor treatment (Fig. 2G) increased the serine/
threonine phosphorylation level of PvHMC compared with control
(Fig. 2I). Additionally, in vitro treatment of PvHMC with commer-
cial recombinant human CK2 (HsCK2) increased the phosphoryla-
tion level of dPvHMC (Fig. 2J), whereas treatment with recombinant
GST-PvPP2AC resulted in the dephosphorylation of phosphorylated
PvHMC (pPvHMCp) compared with control (Fig. 2K). These results
indicate that PvCK2a and PvPP2AC interact with and modulate the
serine/threonine phosphorylation of PvHMC.

Dephosphorylation increases the oxygen-carrying capacity and
antibacterial activity of PvHMC

RNAi-mediated knockdown of PvCK2a and PvPP2AC was per-
formed and the effect of PvHMC phosphorylation modification on its
oxygen-carrying capacity and antimicrobial activity was determined.

FIGURE 2. PvCK2a and PvPP2AC mediate the phosphorylation and dephosphorylation of PvHMC. (A and B) In vitro GST pull-down analysis of the inter-
action of PvHMC with GST-fused tagged (A) PvCK2a and (B) PvPP2AC. (C) Immunoprecipitation (IP) and Western blot analysis of Flag-tagged PvHMCS and
PvHMCL or endogenous Drosophila CK2a overexpressed in Drosophila S2 cells. (D) Immunoprecipitation and Western blot analysis of Flag-tagged PvHMCS
and PvHMCL and V5-tagged PvPP2AC overexpressed in Drosophila S2 cells. (E) In vivo immunoprecipitation of PvHMC from shrimp hemocyte lysates using
anti-PvHMC or IgG (control) Abs followed by immunoblotting using the indicated Abs. (F) PvCK2a protein expression (i) and transcript levels (ii) in shrimp
hemocytes after knockdown or inhibitor (CX-4945, 5 mg/shrimp) treatment. (G) PvPP2AC protein expression (i) and transcript levels (ii) in shrimp hemocytes
after knockdown or inhibitor (OA, 1 mg/shrimp) treatment. (H) Phosphorylation level of PvHMC in shrimp plasma after knockdown of PvCK2a or treatment
with inhibitor (CX-4945). (I) Phosphorylation level of PvHMC in shrimp plasma after knockdown of PvPP2AC or inhibitor (OA) treatment. (J) Phosphorylation
level of PvHMC in shrimp plasma after treatment of dPvHMCc with human CK2 (HsCK2). (K) Phosphorylation level of PvHMC in shrimp plasma after treat-
ment of p-PvHMCp with recombinant GST-PvPP2AC. Data are representative of three independent experiments.
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Knockdown of PvCK2a significantly increased the oxygen-carrying
capacity of PvHMC compared with control (Supplemental Fig. 2C,
2D). Next, the effect of phosphorylation modification on PvHMC’s
antibacterial activity (antibacterial assay, bacteria agglutination, and
in vitro bacteria binding assay) was explored against Gram-negative
(V. parahaemolyticus, V. alginolyticus, P. damselae, and E. coli) and
Gram-positive (S. iniae and S. aureus) bacteria using two plasma
PvHMC samples with different degrees of phosphorylation (see
Fig. 3A). Dephosphorylated PvHMC (i.e., dPvHMCc and dPvHMCp,
where “p” represents treated in vitro with recombinant GST-
PvPP2AC) had significantly higher bacterial inhibition ratios
(Fig. 3B, 3C, Supplemental Fig. 2E, 2F), higher bacteria agglutina-
tion activity (Fig. 3D, 3E, Supplemental Fig. 2G, 2H), and stronger
bacteria binding affinity (Fig. 3F, 3G) compared with phosphorylated
PvHMC (pPvHMCc [where “c” represents treated in vitro with
HsCK2] and pPvHMCg [where “g” represents treated in vitro with
recombinant GST]). These results indicate that dephosphorylation
increased the oxygen-carrying capacity of PvHMC and enhanced its
in vitro antibacterial activity.

Several putative phosphorylation sites are found on PvHMC

To identify the phosphorylation sites on PvHMC, three different
phosphorylated PvHMC samples (i.e., dPvHMCc, pPvHMCn, and
pPvHMCc) prepared (see Fig. 3A) from purified shrimp plasma
after knockdown PvCK2a (Fig. 4A) were analyzed by MS
(Fig. 4B). Four residues, including Thr176, Ser183, Thr507, and
Ser548 on the small molecular mass hemocyanin (PvHMCS),
and eight residues, that is, Ser51, Ser70, Ser191, Ser192, Ser293,
Thr517, Ser582, and Thr584 on the large molecular mass hemocy-
anin (PvHMCL) were identified as specific PvCK2a phosphory-
lation sites. Among these sites, Thr517 on PvHMCL (PvHMCL-
T517) had the highest score in pPvHMCn and pPvHMCc, but
the lowest score in dPvHMCc (Table I). Thus, PvHMCL-T517
(Fig. 4C) was chosen for further analysis as the potential key
site on PvHMC that is phosphorylated by PvCK2a. Next, anti-
rabbit polyclonal for PvHMCL with p-Thr517 was generated
using the peptide c(KLH)NGIKF-pT-FDEGR (Fig. 4D) and
used to validate the specificity of this residue. Phosphorylation
mimicking mutation (T to E) and dephosphorylation mimicking
mutation (T to A) were generated by site-directed mutagenesis
at Thr517, and the purified recombinant proteins (PvHMCL-
T517A and PvHMCL) expressed in 293T cells were used for
the in vitro enzyme assay. As shown in Fig. 4E, PvHMCL was
phosphorylated by HsCK2 and dephosphorylated by GST-
PvPP2AC, whereas PvHMCL-T517A could not. Similarly, knock-
down of PvPP2AC enhanced the phosphorylation of PvHMCL-T517,
whereas knockdown of PvCK2a decreased the phosphorylation of
PvHMCL-T517 compared with control (Fig. 4F). These results indi-
cate that indeed T517 is the residue on PvHMCL modulated by
PvCK2a and PvPP2AC.

Thr517 on PvHMCL is essential for the antimicrobial activity

The importance of T517 on the antimicrobial activity of PvHMCL
was examined by analyzing the in vitro antibacterial activity of
mutant (PvHMCL-T517A and PvHMCL-T517E) and wild-type
(PvHMCL) proteins. The mutant protein PvHMCL-T517A had sig-
nificantly higher bacterial inhibitory activity (Fig. 5A, Supplemental
Fig. 2I), agglutination activity (Fig. 5B, Supplemental Fig. 2J), and
stronger bacteria binding affinity (Fig. 5C) against V. parahaemolyti-
cus and S. iniae compared with mutant protein PvHMCL-T517E or
wild-type PvHMCL. Similarly, PvHMCL-T517A had significantly
strong bacterial (V. parahaemolyticus and S. iniae) and pathogen-
associated molecular patterns (LPS and PGN) binding affinity com-
pared with PvHMCL-T517E or PvHMCL (Fig. 5D, 5E). These

results suggest that T517 on PvHMCL is the key phosphorylation
residue required for the antibacterial activity of hemocyanin.
To examine whether pathogenic bacteria could also dephos-

phorylate PvHMCL on T517 in vivo, shrimp were challenged
with V. parahaemolyticus and S. iniae followed by determination of
the phosphorylation level of PvHMCL-T517 (Supplemental Fig. 1A)
in shrimp plasma. The results revealed a decrease in the phosphoryla-
tion level of PvHMCL-T517 over time (Fig. 5F�H) compared with
PBS control. Taken together, these results suggest that the dephos-
phorylation of PvHMCL on residue T517 is crucial for its antibacte-
rial activity.

Discussion
The functional diversity of the arthropodan and molluscan respira-
tory glycoprotein, hemocyanin, could be attributed to its variant
forms (58), transcriptional regulation (59), PTMs (44), and proteo-
lytic degradation to generate different bioactive peptides (38, 46).
Glycosylation modification has recently been shown to enhance the
antimicrobial activity of hemocyanin in P. vannamei (44) and con-
tributes to the structural stability and immunomodulatory properties
of molluscan hemocyanin (43). Deacetylation of P. vannamei hemo-
cyanin enhances its antibacterial activity by increasing its binding
with LPS and destruction of Gram-negative bacteria (27). Among
PTMs, protein phosphorylation is the most abundant form (60),
which is particularly crucial in cellular signaling (61, 62) and the
innate immune response (20). Thus, given that previous studies
showed that TSV induces serine phosphorylation of P. vannamei
hemocyanin (45), we wondered whether phosphorylation modifica-
tion of PvHMC is essential for its antibacterial activity, as shrimp
ponds are inundated with various pathogenic bacteria (63, 64).
Accordingly, we found that phosphorylation of hemolymph PvHMC
can respond to the stimulation of Gram-negative and Gram-positive
bacteria, and upon challenge with LPS and LTA, the overall trend
was downregulated, followed by upregulation (Fig. 1B�E), suggest-
ing that protein phosphorylation could be vital in modulating the
antimicrobial activity of PvHMC, which is consistent with previous
studies in mammals where different pathogen stimulations led to dif-
ferent responses and changes in different phosphorylation types of
the same protein, such as TANK binding kinase 1 (TBK1) (65),
STAT (66), and NF-kB (67). However, the main reason for this
phosphorylation of these factors is that their upstream kinases or
phosphatases change under pathogen stimulation (20). Therefore, it
is necessary to explore which kinases or phosphatases that lead to
PvHMC produce different phosphorylation modifications under dif-
ferent pathogen stimulation.
In this study, we showed that serine and threonine phosphorylation

of PvHMC, which is modulated by the shrimp homologs of CK2a
and PP2AC (i.e., PvCK2a and PvPP2AC), is a key feature in the
antibacterial activity of PvHMC. In silico analysis revealed PvCK2a
and PvPP2AC as the potential kinase and phosphatase, respectively,
that modify PvHMC, whereas protein levels of PvCK2a and
PvPP2AC responded to bacterial challenge in a similar pattern as the
corresponding phosphorylation modification of PvHMC (Fig. 1G, 1H).
These findings indicate that PvHMC undergoes serine and threonine
phosphorylation modulated by PvCK2a and PvPP2AC during the
antibacterial response in penaeid shrimp, which is consistent with pre-
vious studies in mammals where CK2 mediates the phosphorylation
of human RIG-I to enhance the antiviral (Sendai virus) immune
response (68) or RIG-I�mediated antiviral (human herpesvirus and
Sendai virus) immunity in humans, mediated by protein phosphatase
6 catalytic subunit (PPP6C) (69). Similarly, Streptococcus pneumoniae
can activate protein phosphatase 1 (PP1) to induce the dephosphoryla-
tion of histone H3 in A549 lung epithelial cells as an intracellular
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FIGURE 3. Phosphorylation of PvHMC attenuates its antimicrobial activity. (A) Steps used in the preparation of different phosphorylated samples of PvHMC. Sample
designations are as follows: dPvHMCc, PvHMC samples dephosphorylated by PvCK2a knockdown; dPvHMCp, dephosphorylated purified plasma PvHMC treated
in vitro with recombinant GST-PvPP2AC; pPvHMCc, phosphorylated samples of dPvHMCc treated in vitro with HsCK2; pPvHMCg, phosphorylated purified plasma
PvHMC treated in vitro with recombinant GST; pPvHMCp, phosphorylated samples of PvHMC after PvPP2AC knockdown; pPvHMCn, PvHMC samples from control
siNon-injected shrimp. (B and C) Bacterial inhibition of different phosphorylated PvHMC samples (B) pPvHMCc and dPvHMCc and (C) pPvHMCg and dPvHMCp
against V. parahaemolyticus, V. alginolyticus, P. damselae, E. coli, S. iniae, and S. aureus. (D and E) Bacterial agglutinative activity of different phosphorylated PvHMC
samples (D) pPvHMCc and dPvHMCc and (E) pPvHMCg and dPvHMCp against V. parahaemolyticus, V. alginolyticus, P. damselae, E. coli, S. iniae, and S. aureus.
(F and G) Bacterial binding affinity of different phosphorylated PvHMC samples (F) pPvHMCc and dPvHMCc and (G) pPvHMCg and dPvHMCp with V. parahaemolyti-
cus and S. iniae determined by Western blot. Proteins were used at a concentration of 200 mg/ml. Statistical significance was analyzed by one-way ANOVA (*p < 0.05;
**p < 0.01; ns, not significant). All data are from three independent experiments with biological duplicates in each (n5 3) and shown as mean ± SEM.
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strategy to escape the host immune response (70). Thus, PvCK2a and
PvPP2AC regulate the phosphorylation of PvHMC to modulate its
antibacterial activity.
With >500 substrates, CK2, a highly conserved serine/threonine

kinase (71, 72), phosphorylates key proteins to regulate numerous
cellular processes, including inflammation (73) and immunity (72).
Similarly, PP2ACa, a highly complex heterotrimeric enzyme that
catalyzes the selective removal of phosphate groups from serine
and threonine residues, has been implicated in inflammatory or
immune responses through phosphorylation modifications of its
substrates (74). We found that PvCK2a interacted with and

phosphorylated PvHMC (Fig. 2) thereby attenuating the oxygen-
binding capacity and antibacterial activity of PvHMC (Fig. 3).
Conversely, interaction of PvPP2AC with PvHMC resulted in
dephosphorylation (Fig. 2) but enhancement of antibacterial activ-
ity of PvHMC (Fig. 3). These results, although not previously
observed in crustaceans, are consistent with mammalian studies,
where the function of some key proteins was regulated by phos-
phorylation modification by kinase/phosphatase pairs. For instance,
human CK2 mediates the phosphorylation of the co-chaperone
FNIP1 to increase the inhibition of Hsp90 ATPase activity, which
gradually activates both the kinase and nonkinase components of

FIGURE 4. PvCK2a and PvPP2AC modulate the phosphorylation of PvHMC on Thr517. (A) Gel filtration chromatography purified hemocyanin
(dPvHMCc) from hemolymph of PvCK2a knockdown shrimp followed by in vitro kinase assay with or without HsCK2. (B) Mapping of phosphorylation
sites on PvHMC associated with CK2 based on LTQ-Orbitrap XL mass spectrometry. (C) Mass spectrum of CK2-phosphorylated PvHMCL Thr517 peptide
sequence. The position of phosphorylated Thr517 (pT) and the “b” and “y” ions are shown. (D) ELISA analysis of anti�p-PvHMC-T517, p-PvHMC-T517:
Thr517 phosphorylated peptide, and dp-PvHMC-T517 nonphosphorylated peptide. Data shown are representative of three independent experiments. (E) Vali-
dation of p-T517-PvHMCL Ab using recombinant PvHMCL-Flag (wild-type) and mutant proteins treated in vitro with recombinant HsCK2a or recombinant
PvPP2AC-GST. Data are representative of three independent experiments. (F) Phosphorylation level of plasma PvHMCL-T517 after PvPP2AC or PvCK2a
knockdown and determined by Western blot.

Table I. Summary of mass spectrometry data of the phosphorylation sites on PvHMC modulated by CK2

Hemocyanin Sequence Motif Phosphorylation Sites

Highest PTM Score

dPvHMCc pPvHMCn pPvHMCc

HMCS
A0A1Y0DT76

RAKQKQTPGKFKS Thr176 — — 100
PGKFKSSFTGTKK Ser183 49.5 — 99.2
NNGIEYTFDEGRW Thr507 74 — 99.3
TVPDVPSIHDLFA Ser548 — — 100

HMCL
A0A059TEW9

YGNIRDSDLKAKA Ser51 — — 99.5
ADLSHYSDGGEAV Ser70 44.2 1.9 100
KPGKFKSSFTGTK Ser191 — — 76.9
PGKFKSSFTGTKK Ser192 — — 76.9
YGGQFPSRPDNVD Ser293 — — 100
NNGIKFTFDEGRW Thr517 — 100 100
GLKDFESATGIPN Ser582 — — 100
KDFESATGIPNRF Thr584 — — 50

S/T denote phosphorylated Ser/Thr residues present within the consensus motifs of hemocyanin; “—” indicates no PTM score.
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the enzyme and the activity of protein phosphatase 5 (PP5) to
dephosphorylate FNIP1, resulting in its degradation (75). Simi-
larly, the phosphorylation of somatic nuclear autoantigenic sperm
protein (sNASP) by CK2 is essential for proinflammatory cytokine
production, especially in bacterial infection, whereas directly
recruited PP4 dephosphorylates p-sNASP to inhibit sNASP-depen-
dent proinflammatory cytokine production and downstream signal-
ing following bacterial LPS treatment (76). These results indicate
that the antibacterial activity and oxygen-binding capacity of PvHMC
is enhanced when dephosphorylated. Although the C-terminal of
PvHMC was previously reported to be phosphorylated by the
ERK1/2 kinase as part of the shrimp antiviral (TSV) response
(45), the consequence of this phosphorylation modification on the
primordial function of hemocyanin, that is, oxygen carriage, and
the corresponding phosphatase or effect on bacterial pathogens
were not explored. Indeed, PvCK2a and PvPP2AC modulate the
phosphorylation of hemocyanin to affect its functions (oxygen

carriage and antimicrobial activity), given that PTMs can change
the net protein charge to affect antimicrobial activity (27, 77),
modify protein solubility (78), or change protein structure to alter
its functions (79). Indeed, the details of this relationship and the
molecular mechanisms involved require further studies, especially
when crystallographic structures of PvHMC are available.
In both vertebrates and invertebrates, protein phosphorylation

modification mediated by kinases and phosphatases on specific resi-
dues of host proteins, such as FOXO3 on Ser574 in human mono-
cytic cells in response to LPS stimulation (80), TRAF3 on Ser438 in
HEK293T cells upon vesicular stomatitis virus infection (50), and
IRF3 on Ser396 in 293T cells after LPS, polyinosinic-polycytidylic
acid, and Sendai virus challenge (81), plays a pivotal role in
immune responses. During HIV-1 infection, cyclin-dependent kinase
1 (CDK1)�mediated phosphorylation of SAMHD1 (sterile a motif
domain and HD domain�containing protein 1) on Thr592 attenuate
its ability to inhibit HIV-1 replication in 293T or HeLa cells (82).

FIGURE 5. Phosphorylation modification of PvHMCL-T517 is important for antibacterial response. (A) Bacterial inhibition of PvHMCL, PvHMCL-
T517A, and PvHMCL-T517E against V. parahaemolyticus and S. iniae. Proteins were used at a concentration of 50 mg/ml. (B) Bacterial agglutination activ-
ity of PvHMCL, PvHMCL-T517A, and PvHMCL-T517E with V. parahaemolyticus and S. iniae with or without calcium. (C) Bacterial binding activity of
PvHMCL, PvHMCL-T517A, and PvHMCL-T517E with V. parahaemolyticus and S. iniae determined by Western blot. (D and E) Interaction of recombinant
PvHMCL protein with LPS and PGN analyzed by ELISA. Plates were coated with pathogen-associated molecular patterns (LPS and PGN) and incubated
with PvHMCL, PvHMCL-T517A, or PvHMCL-T517E followed by anti-PvHMC antiserum, and signals were detected with anti-rabbit IgG secondary Ab at
450 nm. (F) SDS-PAGE and Western blot analysis of PvHMCL-T517 phosphorylation at 0, 12, 24, 48, and 72 h postinjection (hpi) with PBS, V. parahaemo-
lyticus, or S. iniae. (G) Immunoprecipitation and immunoblot analysis of plasma from shrimp infected with V. parahaemolyticus or S. iniae at the indicated
time points and probed with PvHMCL-p-Thr517 Ab. (H) Relative gray value analysis of (F) and (G). Statistical significance was analyzed by one-way
ANOVA (*p <0.05; **p <0.01; ns, not significant). All data are from three independent experiments with biological duplicates in each (n 5 3) and shown
as mean ± SEM.
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However, PP2A-B55a dephosphorylates SAMHD1 on Thr592 to
activate SAMHD1, thereby restricting HIV-1 replication (83).
Accordingly, Thr517 on PvHMCL was identified in the current
study as the key residue that upon phosphorylation modification by
PvCK2a and PvPP2AC (Fig. 4) alters the functions of hemocyanin.
For instance, whereas wild-type PvHMC and the phosphorylation
mimic PvHMCL-T517E both exhibited weak antimicrobial activi-
ties (i.e., agglutinative and bacterial binding) against V. parahaemo-
lyticus and S. iniae, the dephosphorylation mimic PvHMCL-T517A
had significantly enhanced antibacterial activity (Fig. 5A, 5B) and
higher bacterial binding capacity compared with PvHMCL-T517E
or PvHMCL (Fig. 5C�E). Furthermore, the phosphorylation level
of PvHMCL-T517 was decreased over time after challenge with
V. parahaemolyticus or S. iniae compared with PBS control
(Fig. 5F�H). The modulation of hemocyanin’s function is surely
not limited to this single residue (Thr517), given that glycosylation
of Thr537, Ser539, and Thr542 on the C terminus of hemocyanin is
associated with the antimicrobial immune activity in P. vannamei
(44). The acetylation of K481 and K484 attenuates P. vannamei
hemocyanin binding with LPS and its antibacterial activity (27).
These results are synonymous with previous studies where the
white spot syndrome virus protein kinase WSV083 was reported to
phosphorylate nuclear DNA-binding TCF protein on Thr39 and
Thr104 in P. vannamei to suppress antiviral activity (84), whereas
the glycosylation of Helix pomatia hemocyanin on Asn387 affected
its immunological cross-reactivity with a-macroglobulin (85), and
glycosylation of R. venosa hemocyanin on 331�333 (Asn-Asp-Thr)
enhanced its antiviral activity against respiratory syncytial virus
(32). Taken together, these results provide strong evidence that
phosphorylation of PvHMC on T517 is crucial for modulating its
functions, especially its antibacterial activity (Fig. 6). Nonetheless,
given that PvHMCL-T517E still has antibacterial activity, it cannot
be ruled out that the phosphorylation of other sites contributes to
the overall antimicrobial activity of hemocyanin (PvHMC), and
hence future studies should attempt to delineate the contributions of
these other phosphorylation sites.
In conclusion, this study reveals that the phosphorylation modifica-

tion of PvHMC by PvCK2a and PvPP2AC modulates its oxygen-car-
rying capacity and antibacterial activity. Most importantly, the T517
residue on PvHMCL is a critical site, and hence its phosphorylation
modification alters the key functions of hemocyanin in P. vannamei
and possibly in other crustaceans. Despite the novelty of these find-
ings, whether the phosphorylation of T517 synergistically enhances
the functions of hemocyanin remains to be clarified, given that other
serine/threonine residues are located in the vicinity of T517.
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